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Abstract
In the conventional direct torque control (DTC) of a permanent magnet synchronous motor
(PMSM), hysteresis controllers are employed to select the proper voltage vector resulting in large
torque ripples, and the inverse voltage vector, used in this system instead of the zero voltage
vectors used in an induction motor, can accelerate the torque response but enlarges the torque
ripples at the same time. To improve the steady state performance of the PMSM DTC system a
fuzzy logic scheme is introduced in this paper. In the PMSM fuzzy DTC system, the stator flux
linkage error, the torque error and the stator flux angle are all properly fuzzified into several
fuzzy subsets to accurately select the voltage vector, and the real stator flux angle is mapped onto
a sextant region in order to minimize the number of fuzzy rules and shorten the computation
time. Experimental results show that both the steady state and dynamic performances are
improved by the application of the fuzzy logic scheme.
1. INTRODUCTION
Direct torque control (DTC) has recently
emerged as the main alternative to the vector
control in the market of AC drives. In DTC, there
is no need of the complicated vector coordinate
transformation and equivalence between the DC
and AC motors. Since the stator flux linkage,
which can be precisely observed once the stator
resistance is correctly detected, is taken as the
directional flux coordinate, the influence of the
rotor parameters, that is inevitable in the vector
control scheme, is avoided. The DTC is
implemented by selecting the proper voltage
vector according to the error signals of the stator
flux linkage, torque and stator flux angle, which
improves the dynamic performance by avoiding
the indirect control of the torque through the flux
component of current in the vector control.
The DTC scheme has already been successfully
realized in induction motor (1M) drives, and is
being applied in permanent magnet synchronous
motor (PMSM) variable speed drives [1]-[4].
There are, however, some differences between
the DTC strategies for PMSM and 1M, further
investigation is required on the practical
implementation of DTC for PMSM. The use of
the zero voltage vectors is one of the major
considerations.
Applying the zero voltage vectors to a
conventional PMSM DTC system will result in
losing control of the motor, and the inverse
voltage vector must be used to get a universal
DTC strategy for all types of PMSM [5]. Because
of the employment of the hysteresis controllers to
regulate the stator flux and torque in conventional
DTC systems, it is natural to have torque ripples.
The use of the inverse voltage vector to
accelerate the torque response will enlarge the
torque ripples and may lead to unacceptable
steady state performance. This contradiction
between the steady state and dynamic
performances can be resolved by subdividing the
errors of torque and flux into several subsections,
which is helpful in selecting the proper voltage
vector. However, it is not easy to give the explicit
optimal boundaries between these subsections
because the DTC strategy is not based on a strict
where Us is the stator voltage, R the stator
resistance, and is the stator current.
(2)
Neglecting the stator resistance, the stator flux
linkage can be approximately determined by the
integration of the voltage vector. This implies the
stator flux linkage moves in the same direction as
the given voltage vector. Therefore, it is possible
to control the amplitude, moving direction and
speed of the stator flux linkage by selecting a
proper voltage vector to regulate the power angle
0' and, further, to force the torque and stator flux
linkage amplitude into the prescribed band. What
must be taken care is that in a PMSM the initial
stator flux linkage, the initial value of the
integration in (2), is nonzero. It is a vector having
the same value and direction as the flux linkage
due to the rotor magnet. Simulations and
experiments indicate that the given initial value
of the stator flux linkage strongly affects the
(1) start-up performance of the system and the
precise selection of the initial voltage vectors is
very important to ensure the correctness of the
This equation indicates that the torque T can be initial stator flux linkage.
dynamically controlled by regulating the rotating
speed and amplitude of stator flux linkage 'fIs to In an 1M, the stator flux linkage is uniquely
adjust the power angle J under the condition of determined by the stator voltage, and when the
keeping the amplitude of rotor flux linkage 'fir zero voltage vectors are selected the stator flux
invariant. This is the basic idea of PMSM DTe. linkage vector will be standstill in the position
where it was and the electromagnetic torque will
Fig.I illustrates the eight switching modes of an decrease rapidly. In a PMSM, however, the stator
inverter depicted as eight voltage vectors, and flux linkage is jointly determined by both the
also the six voltage vector plane regions. The stator voltage and the rotor magnet flux. Since
stator flux linkage of the inverter fed motor in the the permanent magnets rotate all the time, the
stator two-phase reference frame can be stator flux linkage still exists even if the zero
formulated as voltage vectors are used, and as a result, the zero
voltage vectors will only cause the torque
decreased slightly. In the conventional PMSM
DTC, because only two-value hysteresis
controller is used to select the voltage vector, an
inverse voltage vector is normally selected to
reduce the torque rapidly.
mathematical description. For this type of
problems, the fuzzy logic technique based on the
language rules has proven to be effective.
The fuzzy DTC of 1M was simulated in [6], but
the practical implementation was not reported.
This paper proposes a novel fuzzy DTC system
of PMSM for the purpose of minimizing the
torque ripples. In this system, the errors of the
stator flux linkage, torque, and flux angle of
PMSM are all properly fuzzified into several
fuzzy subsets to accurately select the voltage
vector in order to smooth the torque ripples and
accelerate the torque response. The stator flux
angle was also mapped onto a reduced region to
minimize the number of fuzzy rules, to shorten
the computation time and to improve the
response speed. In addition, the effects of zero
voltage vectors in PMSM fuzzy DTC system are
also analysed. The proposed technique has been
implemented in a practical industry drive system
and verified by experiments.
2. PMSM DTC THEORY
The electromagnet torque of a non-salient PMSM
can be expressed as
3. PMSM FUZZY DTC
As mentioned above, the employment of
hysteresis controllers in the conventional DTC
results in considerable torque ripples. The use of
the inverse voltage vector can accelerate the
torque response, but the torque ripples are
increased as well. In this case, the fuzzy logic
technique can be effectively applied to solve such
a contradiction between the steady state and
dynamic performances in conventional PMSM
DTC systems.
3.1 PMSM Fuzzy DTC Theory
Fig.2 depicts schematically a PMSM fuzzy DTC
system, in which the fuzzy controller replaces the
flux linkage and torque hysteresis controller and
the voltage vector selecting unit in a conventional
PMSM DTC system. For the fuzzy controller in
Fig.2, the stator flux angle and the errors of the
stator flux linkage and the electromagnetic torque
are selected as the inputs and the voltage vectors
as its outputs.
The function of each voltage vector is symmetric
in every sextant region of the whole plane in the
DTC system. For example, in region I of Fig.l,
V2 can be selected to increase the torque and the
flux linkage simultaneously, and V3 has the same
effect in region 2. It is possible to figure out all
the rules by analysing the state in one sextant
region only. Equation (3) can be used to map the
whole plane of 3600 onto one sextant region
(-1[/6~1[/6) to reduce the number of fuzzy
reasoning rules.
theta=B- ;lB~~J (3)
where theta is the actual input of the fuzzy
controller after mapping, and () is the real stator
flux angle.
T,
Fig.2 Schematic diagram ofa PMSM Fuzzy DTC system
Although zero voltage vectors cannot be used to
reduce the torque rapidly, it is possible to keep
the torque and flux linkage basically invariant [6].
For this reason, two zero voltage vectors can still
be applied in the PMSM Fuzzy DTC system to
keep the torque constant and to further smooth
the torque ripples. Consequently the outputs of
the fuzzy controller should have eight applicable
voltage vectors in a PMSM Fuzzy DTC system.
However, two zero voltage vectors can be
uniquely denoted by one variable VO and one of
these two zero voltage vectors should be
determined for use according to the state of the
previous voltage vector applied in order to reduce
the switching frequency of the power device. As
a result, the number of real outputs of the fuzzy
controller is cut down to seven, which is capable
to meet more requirements in comparison to the
six voltage vectors normally used in a
conventional PMSM DTC system.
In the PMSM DTC system, the rapid torque
response is a very important performance figure
and our experimental studies indicate that the
demands of the torque and flux linkage cannot be
all well met at the same time by selecting any
voltage vector. However, it is in general easier to
meet the demand of the flux linkage than that of
the torque, and therefore, the torque requirement
is the first to be met whenever there is a
contradiction.
Generally, a fuzzy controller consists of three
parts: fuzzification, fuzzy reasoning, and
defuzzifation. The fuzzification is performed by a
membership function. The membership function
of the flux linkage error, the torque error and the
stator flux angle are divided into 3, 5 and 2
subsets, respectively. The subsets of the fuzzy
controller output is assigned to be seven discrete
voltage vectors singleton subsets, which makes
the defuzzifation essential. The membership
functions of the flux angle, the errors of the flux
linkage and the torque, and the output voltage
vector are depicted in Fig.3, from which it can be
seen that the number of subsets for the torque
error is more than that for the flux linkage error
in order to emphasize the need of the torque. In
the membership of the torque and flux linkage
errors, the proportion of the fuzzy zero-value
region is very small since the zero voltage
vectors can only be used to keep the torque and
flux linkage approximately invariant for a very
short period of time. Such shape of membership
function is helpful to make the torque act rapidly
and accurately.
Considering the effects of each voltage vector on
the amplitude, rotating speed and direction of the
stator flux in the PMSM DTC and combining
with the practical experience of debugging at the
same time, the PMSM fuzzy DTC rules, for both
positive and negative direction, in region 1 of the
voltage vector plane are tabulated in Table 1,
where Theta}, Theta2, EF, ET and Vi (i=O-6)
denote the fuzzy language variables of the flux
angle, the flux linkage error, the torque error, and
the voltage vector, respectively. In Table 1, the
zero voltage vectors are used to keep the torque
and flux linkage constant because they are more
effective than any other voltage vectors. Because
of the symmetry of the voltage vector selection in
DTC, all of the rules on the whole plane could be
deduced from this table of one sextant region,
which reduces the number of the fuzzy rules
significantly.
The fuzzy control rules in the system are
expressed in IF-THEN format, and in this fuzzy
system the Mamdani' s method is employed for
the optimal fuzzy reasoning. Since the output of
the fuzzy controller is just seven singleton fuzzy
subsets, defuzzification is not required. After
obtaining the output voltage vector for the fuzzy
controller, it should be transformed back to an
actual vector to drive the inverter directly. Owing
to the limited space for this paper, these methods
will not be discussed in detail.
3.2 PMSM Fuzzy DTC System
FigA illustrates the structure of a PMSM fuzzy
DTC system with a double loop control of the
flux linkage and speed. In this system, two stator
phase currents ia, h and the DC voltage Ude are
detected by voltage and current transducers and
then transformed into the stator frame two phase
components i; if! and o; o; The stator flux
linkage and torque are estimated by the two
observers. The stator flux linkage components lfIa,
l
and lfIf!' the flux linkage amplitude IlfIsl, the torque




Fig.3Membership functionsinthePMSM Fuzzy DTC
system
Table I PMSM Fuzzy DTC rules
Theta} Theta2
~ PS ZO NS I~ PS ZO NSET ET
PB V2 V2 V3 PB V2 V3 V3
PS VI V2 V3 PS V2 V3 V4
ZO VO VO VO ZO VO VO VO
NS V6 VO V5 NS V6 VO V5
NB V6 V5 V4 NB V6 V5 V5
Fig. 4 The system diagram ofPMSM Fuzzy DTC
(6)
theta = arctantj« p / VJa) (7)
In this system, the flux hysteresis controller,
torque hysteresis controller and voltage vector
select unit originally needed in the conventional
DTC system are replaced by a fuzzy controller.
The actual speed and the initial rotor magnet
position are all detected by an encoder. The
output of the PI speed controller is used as the
torque reference.
4. EXPERIMENTAL RESULTS
The PMSM fuzzy DTC system illustrated in
Fig.4 implemented and tested in our laboratory.
Figs.5-7 depict the experimental results. Fig.5
shows the start-up responses of the speed, torque
and stator current at a step change in the speed
reference from 0 to 1000 rpm, in which the given
initial stator flux linkage was approximately the
same as the measured initial flux linkage due to
the rotor magnets, and the reference stator flux
linkage was given as the rated flux linkage. The
circular trajectory and the (o-B) axis components
of the steady state stator flux linkage are shown
in Fig.6(a) and (b), respectively. Fig.7 is the
torque dynamic response waveform under the
condition that the torque reference (the output of
speed PI controller) changes abruptly from 5Nm
to -5Nm. To give prominence to the performance
of the PMSM fuzzy DTC, the corresponding
experimental results for a conventional PMSM
DTC under the same experimental condition are
also shown in Figs.8 and 9.
(b) Start-up current components III la-~) axes
Fig.S PMSM Fuzzy DTC start-up responses
Flux linkage (0.1 Wb/div)
(a) Stator flux trajectory
(b) Waveforms of stator flux components in (n-B) axes
Fig.6 PMSM Fuzzy DTC stator flux
5. CONCLUSION
A novel fuzzy DTC control strategy for PMSM is
proposed. In order to achieve good steady state
and dynamic performance simultaneously, a
fuzzy logic controller is designed, and it has been
shown that the zero voltage vectors can be used
in this fuzzy system although they cannot be used
in the conventional PMSM DTC system. The
theory is confirmed by the experimental results.
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